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To achieve these excellent performances we should employ receivers able to take advantage of the information associated to transmitted data symbols that is inherent to the nonlinear distortion component, in opposition to traditional OFDM implementations where nonlinear distortion effects are regarded as an undesirable noise-like component. We study the achievable gains of the optimum receiver both analytically and by simulation. Since the complexity of optimum receivers is extremely high when we have nonlinear distortion effects, even for OFDM signals with a small number of subcarriers, we propose several suboptimum receivers and evaluate their performance. Our suboptimal receivers allow remarkable performance improvements, being able to reduce significantly the gap between the optimum performance and the performance of typical OFDM receivers. 
I. INTRODUCTION
O FDM (Orthogonal Frequency Division Multiplexing) modulations [1] , [2] were selected for several systems, such as DVB (Digital Video Broadcasting) [3] , wireless broadband access technologies IEEE 802.16a/d/e [4] , [5] , and 3GPP-LTE (3rd Generation Partnership Project -Long Term Evolution) [6] . However, OFDM signals have high envelope fluctuations, making them susceptible to nonlinear distortion effects. For this reason, several methods have been proposed to reduce the envelope fluctuations of OFDM signals, from especially designed codes [7] to the use of multiple signal representations [8] , [9] . The simplest and most promising techniques to reduce the envelope fluctuations of OFDM signals involve the use of memoryless nonlinearities such as the clipping operations in [10] - [14] . However, the nonlinear nature of the clipping means that we will have nonlinear distortion effects on the transmitted OFDM signals that can be specially serious when the transmitted signals are designed to Manuscript have reduced envelope fluctuations (e.g., when the clipping level is low). Since OFDM signals with high number of subcarriers have a Gaussian-like nature, when we submit them to a memoryless nonlinearity we obtain a nonlinearly-distorted signal that can be decomposed as the sum of two uncorrelated components: an useful component, proportional to the original OFDM signal, and a distortion component [15] . In conventional receiver implementations the nonlinear distortion component is regarded as an additional noise-like term that leads to performance degradation. We can improve the performance of nonlinear OFDM transmissions by employing iterative receivers where we estimate and cancel nonlinear distortion effects [16] - [19] . However, it is not easy to estimate the nonlinear distortion component, especially when the SNR (Signal-to-Noise Ratio) is low (in fact, the performance of those iterative receivers at low SNR can be worse than for a conventional OFDM receiver). Moreover, the nonlinear distortion component has information concerning the transmitted signal that can be used to improve the performance [20] .
The optimum receiver is the well-known ML (Maximum Likelihood) receiver where we compare the received signal with all possible transmitted signals and select the data estimates associated to the transmitted signal that has smallest Euclidean distance relatively to the received signal. Clearly, the optimum receiver takes into account not only the useful component but also the information inherent to the nonlinear distortion component.
In this paper we consider OFDM signals with strong nonlinear distortion effects and we study the performance of optimum receivers. It is shown that, contrary to what one could expect, the optimum performance of nonlinearly distorted OFDM can be better than with an ideal, linear transmitter. The major problem associated to an optimum receiver is its complexity: for instance, for QPSK (Quaternary Phase Shift Keying) constellations and N subcarriers we need to select among 4 N possible candidates, which is prohibitively complex, even with just a few subcarriers. Therefore, we present and evaluate several sub-optimal receivers that try to approach the ML performance. This paper is organized as follows: a description of the considered OFDM system and a brief overview of nonlinear effects in that scenario is made in Sec. II. Sec. III concerns the potential performance of an optimum receiver for OFDM signals with nonlinear distortion effects. Sec. IV presents several sub-optimal receivers and Sec. V presents a simple method for obtaining the approximate BER (Bit Error Rate) performance of an optimum receiver. Finally, Sec. VI presents a set of performance results for the proposed sub-optimum 0090-6778/13$31.00 c 2013 IEEE receivers and Sec. VII concludes this paper.
Throughout this paper we will employ the following conventions, unless otherwise stated. Bold letters denote matrices or vectors and italic letters denote scalars. Capital letters are associated to the frequency domain and small letters are associated to the time domain.
[X] i,j denotes the (i, j)-th element of X, i.e., the element at the i-th line and the j-th column of the matrix X and [X] i denotes the i-th element of the vector X. diag(X) denotes a diagonal matrix with (i, i)-th element equal to [X] i and ||X|| denotes the Euclidean norm of the vector X. I N is the N ×N identity matrix. (·)
T denote the transpose operator. The PDF (Probability Density Function) of the random variable x, p x (x), is simply denoted by p(x) when there is no risk of ambiguity, and E[·] denotes expectation.
II. SYSTEM CHARACTERIZATION In this paper we consider the use of envelope clipping techniques, possibly combined with frequency-domain filtering to reduce the envelope fluctuations of OFDM signals, while maintaining the spectral occupation of conventional OFDM schemes [12] , [14] . However, our techniques can easily be extended to other memoryless nonlinear devices such as the bandpass (polar) memoryless nonlinearities of [21] , [22] and the I-Q (Cartesian) memoryless nonlinearities of [11] , [23] , [22] . The general transmitter structure is described in Fig. 1 .
T ∈ C NM is a vector with N data symbols, each one associated to a different useful subcarrier and selected from a given constellation (e.g., a QPSK constellation) according to the transmitted bits, plus (M − 1)N idle subcarriers at the edges of the useful band, where M denotes the oversampling factor. Throughout this paper the N useful subcarriers will be denoted "in-band subcarriers" and the remaining (M − 1)N subcarriers (ideally idle) will be denoted "out-of-band subcarriers".
The original frequency-domain signal X is submitted to an IDFT block so as to form the corresponding time-domain block x ∈ C NM , where
(in the following we will simply use F when there is no risk of ambiguity in the DFT size). The time-domain block x is submitted to a memoryless nonlinear device leading to the block y ∈ C NM , with
where f (x) is an appropriate nonlinear 2 function, with
where f (x) denotes an ideal envelope clipping operation with clipping level s M , i.e.,
If the number of in-band subcarriers N is high, the OFDM signal at the nonlinearity input x can be approximately regarded as a realization of a zero-mean complex Gaussian 2 In this paper we will always employ the term "nonlinearity" to designate "memoryless nonlinearity". process with variance of the real and imaginary parts σ 2 . The normalized clipping level s M /σ is related to the magnitude of the nonlinear effects introduced by the clipping. Clearly, the nonlinear effects are negligible if s M /σ 1. On the other hand, we have strong nonlinear distortion effects for an s M /σ around or lower than 1, since the OFDM samples enter the nonlinear region of f (x) very often 3 . Although this is also related with number of subcarriers, when N is high the distinction between "strong nonlinearity" and "mild nonlinearity" is essentially a function of the normalized clipping level s M /σ. It can be shown that the nonlinearly distorted signal y can be decomposed as the sum of two uncorrelated components (see [15] ), a useful component proportional to the input signal and a nonlinear distortion component, i.e.,
where
with R = |[x] n | and p(R) denoting the PDF of the envelope R. Due to the zero-mean complex nature of
where u(R) denotes the unitary step function. The autocorrelation and PSD (Power Spectral Density) of y and d can be computed as described in [14] . In the frequency-domain we have 
(without loss of generality we assume the same oversampling factor at the transmitter and the receiver) and the corresponding frequency-domain block Z is
T ∈ C NM , with [N] k denoting the k-th frequency-domain noise component, and 
III. ACHIEVABLE PERFORMANCE FOR NONLINEAR OFDM
The nonlinear distortion term D is almost Gaussian when the number of subcarriers is high enough: for the in-band subcarriers, the errors relatively the Gaussian approximation (N → ∞) are below 2% or 1% for N = 64 or N = 128, respectively [24] . Conventional OFDM receivers treat this nonlinear distortion term as an additional noise component that leads to performance degradation. However, the nonlinear distortion component has information on the transmitted signals that can be used to improve the performance. To understand this, let us consider an OFDM signal with N = 128 subcarriers, a QPSK constellation and an ideal AWGN channel. The clipping device has a normalized clipping level s M /σ = 0.5 which corresponds to a case with strong nonlinear distortion effects. Fig. 2 shows the absolute value of the difference between the two transmitted signals
) that are the associated to data blocks X (2) and X (1) , respectively.
It should be noted that for QPSK constellations (the generalization to other constellations is straightforward) and size-N OFDM blocks with oversampling factor M our scenario can be regarded as having "equivalent constellations" designed over a space with dimension 2N M (or 2N , if we employ filtering after the nonlinear operation) and having 2N bits per "equivalent symbol", with each "equivalent symbol" corresponding to an "equivalent constellation" point. Clearly, the signals differ in almost all frequencies (in-band and out-ofband), not only the frequency where we modified the bit. In fact, the Euclidean distance between these two sequences is
This means that for those sequences (which, in fact, are typical sequences) we can expect an asymptotic gain of about 7.7/4 (i.e., about 2.8 dB) relative to the linear case. When the out-of-band radiation is completely filtered out, as in [14] , the asymptotic gain takes values around 2 dB. Since these sequences differ in many subcarriers, there is also an intrinsic diversity effect that could be employed to improve the performance in fading channels. In this section we study the potential performance of optimum receivers for nonlinear OFDM schemes.
A. Optimized Detection
The optimum receiver 5 selects X that maximizes
which could be denoted as a MAP (Maximum a Posteriori) receiver, i.e.,
If we assume equiprobable data vectors X then the a priori distribution p(X) is constant and the MAP receiver reduces to an ML (Maximum Likelihood) receiver, i.e.,
For white Gaussian noise Z|X has a complex Gaussian distribution with zero mean and its covariance matrix is given by
This means that obtaining the ML estimate is formally equivalent to minimizing the squared error between Z and HGY = HGFf (F −1 X), i.e., the optimum receiver performs the minimization X = min
B. Asymptotic Minimum Euclidean Distance
Let us now consider the frequency-domain data block, X (2) , that differs from X (1) in only one bit at the k 0 -th subcarrier and the corresponding time-domain blocks
and
, respectively. We can say that
T ∈ C NM can be regarded as an error term. For QPSK constellations with symbols [X] k = ±A ± jA on the N in-band subcarriers we have
The time-domain version of this error term is ε
In the following we present an analytical method for obtaining the Euclidean distance between sequences differing in a single bit. For this purpose we model the samples of x (1) = F −1 X (1) as random variables with absolute value R and phase θ (for the sake of simplicity we drop the dependence with n in this subsection). Similarly, the phase of ε will be modelled as the random variable φ. Having in mind the complex Gaussian nature of the OFDM samples, R has Rayleigh distribution, i.e., its PDF is given by (8) . The variable θ has uniform distribution in [0, 2π[, i.e.,
From (20), we can assume that φ also has uniform distribution in [0, 2π[. Moreover, R, θ and φ are assumed to be uncorrelated. From (18), we have
and typically the term ε has much lower variance than x (1) (and, consequently, much lower variance than x (2) ). This means that R e jθ = Re jθ + Δe jφ ,
where R and θ are the random variables associated to the absolute value and phase of the samples x (2) . Due to the circular nature of x (1) and ε we can assume without loss of generality that θ = 0, leading to R e jθ = R + Δe
(see Fig. 3 ).
This means that θ 12 = θ − θ is given by
where the approximation (a) is valid if R Δ. Similarly, the absolute value of the random variable associated to x (2) is
When the signals x (1) and x (2) are submitted to bandpass memoryless nonlinearities characterized by (4), the samples associated to the output can be written as
respectively, since for the bandpass memoryless nonlinear clipping characteristics considered here we do not have AM-to-PM distortion. Usually, we have Δ R and we can make an accurate first order Taylor approximation of f (R + Δ cos(φ)) around f (R), leading to
To obtain the Euclidean distance between the nonlinear signals associated to x (1) and x (2) we need to compute
Since R Δ we have |θ 12 | 1, leading to
Finally, the Euclidean distance between the two output signals y (1) and y (2) can be written as
where the approximation (a) is valid for N 1. Clearly, for a linear transmitter f (R) = R and f (R) = 1, leading to f (R) is characterized by (5) and its first order derivative will be
leading to
and (35) on the top of the next page. The asymptotic gain is defined as
In Fig.4 we compare the theoretical minimum distance, obtained with (35), and the one obtained by simulation (with a variable number of in-band subcarriers N ). Clearly, the theoretical expression are relative accurate, especially for large values of N . This result is expectable since the error of the Taylor approximations such as (29) is negligible when |Δ| R, something that becomes more likely when we increase N .
C. Asymptotic Performance
The minimum Euclidean distance obtained in the previous subsection gives us a benchmark for the asymptotic performance of the optimum receiver for nonlinear OFDM schemes with very high number of in-band subcarriers. However, when we reduce the number of in-band subcarriers this leads to erroneous results. This is mainly due to two factors. The first is the difference between the theoretical and simulated minimum Euclidean distance already reported. The second is the fact that we can have fluctuations on the "minimum Euclidean" distance for different sequences. Moreover, the impact on the minimum Euclidean distance of the filtering after the clipping operation is not easily obtained. To obtain the asymptotic performance of an optimum receiver we can start by obtaining the distribution of the Euclidean distance between the transmitted signal Y (1) associated to the data block X (1) and the transmitted signal Y (2) associated to the data block X (2) , which is identical to the sequence X (1) in all bits except in μ bits, given by D Clearly, the minimum distance is associated to sequences that differ in a single bit. Although there are fluctuations on the gain G, it is higher than 0 dB (the value for a linear transmitter), with the average value close to the theoretical one obtained in the previous subsection. The main impact of the post-clipping filtering procedure is a slight degradation on the Euclidean distances. It should be pointed out that the gain increases linearly with the number of modified bits μ (e.g., the gain increases 3dB when μ is doubled 7 ). Fig. 6 shows the impact of the number of in-band subcarriers N on the distribution of G 1,2 . From this figure it is clear that the fluctuations of G 1,2 relative to its average value decrease as N increases. Since the Euclidean distance between nonlinearly distorted signals associated to data sequences differing in more than one bit is much higher than for sequences that differ in only one bit, the asymptotic optimum BER performance for nonlinear OFDM schemes and an ideal AWGN channel can be approximated by
where Φ 1 (X (1) ) denotes the set of sequences that differ from X (1) in only 1 bit (clearly, the cardinality of Φ 1 (X (1) ) is #Φ 1 (X (1) ) = 2N for QPSK constellations, since there are 2N bits in N QPSK symbols). Naturally, for a conventional linear OFDM transmitter we have D 2 1,2 = 4E b , leading to the well-known BER expression Fig. 7 shows the approximate optimum BER performance for nonlinear OFDM schemes, with or without the frequencydomain filtering after the clipping procedure (the performance of conventional linear OFDM was included for the sake of comparisons).
From this figure, it is clear that the ideal performance of nonlinear OFDM can be better than the performance of conventional linear OFDM schemes, with gains from 1 dB to more than 2 dB, that are higher for lower clipping levels (i.e., stronger nonlinear distortion effects). As expected, the filtering operation (employed to eliminate out-of-band radiation levels) leads to the elimination of some nonlinear distortion terms, reducing the Euclidean distance between error events and the achievable BER performance gain. For instance, the gain at BER=10 −4 when s M /σ = 0.5 relatively the linear OFDM case is 2.1 dB when we do not have filtering, but reduces to 1.1 dB when we have filtering. This approach can easily be extended to any frequency-selective channel characterized by the channel frequency response H. We just need to define the equivalent Euclidean distance between the useful received signals associated to two possible transmitted sequences Y (i) associated to the data sequences X (i) (i = 1 or 2), as
The BER associated to the channel realization H will be approximately given by
and the average BER will be given by the multiple integral
where p(H) denotes the joint PDF of the overall channel frequency response H. Since this integral is difficult to evaluate, we can estimate (41) by averaging over a large number of independent channel realizations. Fig. 8 shows the approximate optimum BER performance in the conditions of Fig. 7 , for a frequency-selective channel characterized by 32 symbol-spaced 8 multipath components with uncorrelated Rayleigh fading.
From this figure, it is clear that the potential gains of an optimum receiver are even higher for frequency-selective channels than the ones with an ideal AWGN channel. For instance, with s M /σ = 0.5 and BER=10 −3 we have gains relatively to linear OFDM of 15.7 dB and 18 dB with and without pos-clipping filtering, respectively. This additional gain is associated to the diversity effects in the transmitted signals that are inherent to the nonlinear distortion (see also Fig. 2 ). It should be pointed out that the above analysis considers the transmission of "typical" sequences and the conclusions can be substantially different for some rare sequences such as sequences where X is constant. However, since these sequences are very rare (and, in fact, they can be avoided in practice by employing suitable scrambling procedures), its effect on the overall performance can be neglected.
D. Coded OFDM Schemes
The previous subsections showed that nonlinear distortion effects not only do not lead to substantial performance degradation but can also give rise to interesting asymptotic gains when an optimum receiver is considered. However, these results assumed uncoded OFDM transmission. Since OFDM schemes are usually employed combined with appropriate channel coding schemes, it is important to check out if there conclusions still apply for coded OFDM schemes. In the presence of channel coding, sequences differing in a single information bit will certainly differ in several coded bits (this number is not lower than the minimum Hamming distance or free distance of the adopted code). From the results of Fig. 5 , it is clear that the gain increases linearly with the number of modified bits μ, suggesting that the conclusions for uncoded OFDM still apply for coded OFDM schemes. To confirm this, we considered an COFDM scheme with N = 128 active (i.e., not idle) subcarriers and a QPSK constellation in each subcarrier that is combined with a rate-1/2, 64-state convolutional code. Fig. 9 shows the gain distribution when an ideal AWGN channel is considered.
Clearly, the average gain is positive and can take values around 1 or 2 dB for more severe nonlinear characteristics (smaller s M /σ). The same applies for severely time dispersive channels, as shown in Fig. 10 .
It should be noted that, since we display the gain relatively to the AWGN case, it can be below 0 dB due to fading effects; however, not only the "average gain" is higher for more severe nonlinear characteristics, but also its distribution has lower variance due to the combined diversity effects of the channel coding and the nonlinearity. The corresponding asymptotic BER performances are depicted in Fig 11. Clearly, the gains relatively the linear case can be around 1 dB when we employ post-clipping filtering and around 2 dB without FDF. For a frequency-selective channel the gains are much higher, even without FDF. 
IV. SUB-OPTIMAL RECEIVERS
The results of the previous section indicate that the performance of OFDM signals with strong nonlinear distortion effects can be similar or even better than with linear OFDM. Since this is a remarkable and surprising result it is important to check out if these gains are achievable in practice. However, this would mean the implementation of an optimum receiver that involves the comparisons of received signal with all possible transmitted signals. Clearly, it is not practical to compare the received signal with all possible transmitted signals, even for a moderate number of in-band subcarriers N and small constellations. For this reason, in this section we present several sub-optimal methods. For all these methods we start with the estimated signal associated to a conventional OFDM receiver (which will be denoted "hard decision sequence" in the remaining of the paper) and perform variations of their bits, obtain the corresponding nonlinear signal to be transmitted (i.e., the corresponding signal is submitted to the clipping operation and subsequent frequency-domain filtering that was employed in the transmitter), compute the corresponding Euclidean distance relative to the received sequence and choose the sequence among the original hard decision sequence and all variations of it that were tested that has smaller Euclidean distance to the received signal. The motivation for our techniques is that usually the optimal sequence differs from the hard decision sequence in a small number of bits. Therefore, we could test only a small fraction of all possible sequences while still having high chances that the optimal sequence is among them and, consequently, closeto-optimum performance.
All methods work similarly for an ideal AWGN channel and for a more realistic, frequency-selective channel. The only required modification is that in the Euclidean distances between candidate signals should take into account the channel frequency response (i.e., the set H), as in (39).
Method I: Starting with the hard decision sequence, we select the L b bits with smaller reliability (i.e., the bits where the corresponding signal is closer to the decision threshold) and perform all 2 L b possible variations among those bits. Method II: In this method we switch each one of the 2N bits of the hard decision sequence to obtain 2N variations of it.
Method III: In this method we start with the hard decision sequence and switch the first bit. If the Euclidean distance relative to the received sequence improves the bit remains changed, if not we return to the original bit. Next we proceed to the second bit and do the same. This procedure is repeated until we reach the last bit. After this we end up with a sequence that has Euclidean distance relative to the received sequence that is smaller (or at least equal) to the distance from the hard decision sequence to the received signal. Since some of the bits might be changed with this procedure we can restart changing the first bit and repeat the procedure K times.
Method IV: This is a variant of method III where we modify only the P bits with smaller reliability instead of modifying all transmitted bits. This reduces the receiver complexity, since the number of bit modifications per iteration is reduced from 2N to P . As with method III, we can repeat the procedure K times, since we maintain the bit modifications if they lead to improved Euclidean distances.
V. APPROXIMATE OPTIMUM PERFORMANCE
It would be desirable to compare the performance of the proposed sub-optimum receivers with the performance of an optimum receiver. Unfortunately, due to its extremely high complexity, it is very difficult to obtain the optimum performance unless the number of subcarriers is very low. Although the BER computation method of Sec. III is suitable for obtaining the asymptotic BER performance, it is not very accurate for typical working regions with moderate BER values. However, it is possible to obtain an approximation of the optimum performance by noting that the optimum estimate is likely to be one of the following sequences:
• The hard decision sequence or one of its variations 9 (that could be obtained as described in the previous section).
• The transmitted sequence or one of its variations. These variations could be obtained using a procedure similar to the one described in the previous subsection, but now starting with the transmitted sequence.
VI. PERFORMANCE RESULTS
In this section we present several BER performance results for the sub-optimal receivers described in Sec. IV. Unless otherwise stated, the OFDM signal has N = 128 useful subcarriers with QPSK constellations and an oversampling factor M = 4. The QPSK symbols are selected from the data signal under a Gray mapping rule. The nonlinear device corresponds to an ideal envelope clipping with a normalized clipping level s M /σ (unless otherwise stated, we assume s M /σ = 1.0). We consider both an ideal AWGN channel and a frequency-selective channel that has 32 symbol-spaced multipath components with uncorrelated Rayleigh fading. In both cases, we assume perfect synchronization and channel estimation at the receiver. For the sake of comparisons, we include the approximate optimum performance which was obtained as described in the previous section. This will be denoted "ML performance" in the figures. For the sake of comparisons we also include the ideal performance for a receiver that estimates and cancels the nonlinear distortion component (which is the aim of the receivers proposed in [16] - [19] ). If we are able to cancel completely the nonlinear distortion component then the performance would be similar to the performance of linear OFDM, although we would have a degradation given by
which can be obtained analytically as described in [14] , [17] . Clearly, this degradation is due to the fact that part of the transmitted power is spent in an "useless" distortion component. This performance will be denoted IDC (Ideal Distortion Cancellation) in the following. Let us start by considering an ideal AWGN channel. Although method I has an acceptable performance with a relatively small value of L b , its performance degrades substantially when we increase the number of subcarriers (its performance is conditioned by the relation 2N/L b ). Let us consider now methods II and III, which were conceived to overcome this problem without significantly increasing the receiver complexity. Fig. 13 shows the performance of those methods in the same conditions of Fig. 12 .
Clearly, method II has poor performance, but method III allows significant performance improvements, even with only 1 or 2 iterations (in fact, there are no visible gains with more than K = 2 iterations), allowing better performance than with conventional linear OFDM schemes. Method II presents a gain around 3 dB at BER=10 −3 relatively to conventional OFDM receivers, although it is still slightly worse than linear OFDM. Under the same conditions, method III has gains of 1 dB and 7 dB relatively to linear OFDM and nonlinear OFDM (with conventional receivers), respectively. The major problem of method III is that the complexity grows linearly with the number of transmitted bits (i.e., it grows linearly with the number of subcarriers). The motivation for method IV is to further reduce the complexity by modifying only the P ≤ 2N less reliable bits. Fig. 14 shows the achievable performance with methods III and IV (both with K = 2 iterations), for different values of P (method IV is equivalent to method III when P = 2N ). Clearly, method IV has excellent performance when P = 2N/4 = N/2 (i.e., when we reduce the receiver complexity by a factor of 4 relative to method III). Even when P is much smaller than 2N the performance is still acceptable. The gain relatively to linear OFDM at BER=10 −3 is 4.4 dB, 5.4 dB and 6.8 dB, for P = 2N/32, 2N/16 and 2N/4, respectively. Let us consider a more realistic OFDM scenario where the channel presents frequency selectivity. Fig. 15 presents the BER of methods III and IV.
As expected, the gains of our sub-optimum receivers are higher than the ones in an ideal AWGN channel due to the fact that sub-optimum receivers try to take advantage of the implicit diversity effects inherent to the nonlinear distortion. For BER=10 −3 , method III has a gain around 17 dB relatively to nonlinear OFDM (with conventional receivers) and 14 dB relatively to linear OFDM. However, contrary to the AWGN case, there is a significant advantage when we employ method III (method IV with P = 2N ), since the gain of method IV with P = 2N/4 = N/2 relatively to nonlinear OFDM is 10 dB lower. Clearly, the BER curves are also much steeper for method III: for high E b /N 0 we need only 0.5 dB to reduce the BER by a factor of 10, much lower than the almost 10 dB of linear OFDM. It is well known that the poor OFDM performance in selective channels is due to the fact that some subcarriers are likely to be in deep fade. To overcome this, diversity techniques can be employed 10 . Fig. 16 shows the performance of method III when we have N Rx -order receive diversity.
As expected, the performance improves significantly. Moreover, it is clear that the gains of our sub-optimum receivers are still remarkable regardless of the number of receive antennas.
Let us now consider larger constellations, which are known to be more sensitive to nonlinear distortion effects. Fig.17 shows the BER performance for a 16-QAM constellation when the normalized clipping level is s M /σ = 1.6 when method III is employed. From this figure it is clear that we can draw the same conclusions for QPSK and 16-QAM constellations.
VII. CONCLUSIONS In this paper we considered the optimum detection of OFDM signals with strong nonlinear distortion effects. It was shown that, contrary to what one could expect, the nonlinear distortion could lead to enhanced performance, provided that an optimum receiver is employed. Since the complexity of an optimum receiver is prohibitively high, even for a small number of subcarriers, we proposed several sub-optimum receivers that might be regarded as a first step to take advantage of nonlinear distortion instead of the traditional approach of simply trying to prevent it. These sub-optimal receivers allowed remarkable performance improvements, being able to reduce significantly the gap between the optimum performance and the performance of conventional OFDM receivers that treat nonlinear distortion effects as an undesirable noise-like component.
